The use of biocatalysis in synthetic chemistry is emerging as a powerful strategy for the construction of complex molecules 1, 2 . Protein enzymes, utilized in isolated form 3, 4 , as part of constructed artificial pathways 5, 6 , or encapsulated within cells programmed to express them 7, 8 , often form reaction products efficiently and stereoselectively under mild conditions. While many of the recently developed biocatalytic transformations are mechanistically similar to native biochemical processes, several reported systems feature distinctly abiotic transformations, where the products of the reactions arise through a mechanism hitherto unknown in biology. Examples include Ru-catalyzed olefin metathesis reactions in the artificial active site of an evolved streptavidin protein 9 and Ir-and Fe-catalyzed metal-carbenoid and nitrenoid insertion reactions from evolved P450 enzymes 10, 11, 12 . In these systems, abiotic chemical reactivity is developed through directed evolution 13 the initial steps toward achieving this goal. We find that an unprecedented Au(I) MMBP is formed through the treatment of DNA hairpins possessing a C-T mismatch with an appropriate Au(I) precursor. Importantly, the rate at which this organometallic complex mediates an abiotic hydroamination reaction is dramatically increased when exposed to short strands of sequencecomplementary DNA or RNA. This study represents an early example of an organometallic catalyst that can be regulated by biological stimuli.
biological systems but also allow for temporal and spatial control of transition metal catalysis through gene transcription.
The use of biocatalysis in synthetic chemistry is emerging as a powerful strategy for the construction of complex molecules 1, 2 . Protein enzymes, utilized in isolated form 3, 4 , as part of constructed artificial pathways 5, 6 , or encapsulated within cells programmed to express them 7, 8 , often form reaction products efficiently and stereoselectively under mild conditions. While many of the recently developed biocatalytic transformations are mechanistically similar to native biochemical processes, several reported systems feature distinctly abiotic transformations, where the products of the reactions arise through a mechanism hitherto unknown in biology. Examples include Ru-catalyzed olefin metathesis reactions in the artificial active site of an evolved streptavidin protein 9 and Ir-and Fe-catalyzed metal-carbenoid and nitrenoid insertion reactions from evolved P450 enzymes 10, 11, 12 . In these systems, abiotic chemical reactivity is developed through directed evolution 13 , construction of novel metalloenzymes via transmetallation reactions 14 , a posttranslational metallation 15 , or some combination thereof 16 . It is doubtless that as these strategies improve, the availability of protein enzymes that catalyze novel abiotic transformations will advance in unison. However, chemical concepts allowing for control of biocatalytic reactions by biological stimuli, a goal that would lead to advances in synthetic biology and chemical biology, have yet to be explored fully 17, 18 .
Inspired by current hypotheses concerning the role of ribozymes in biogenesis 19, 20 , the stimuli-responsiveness of riboswitches and molecular beacons, and the well-established propensity of late transition metals to bind nucleic acids in a sequence selective manner 21, 22 , our group recently became interested in the development of biocatalytic systems composed of nucleic acids and transition metals that mediate chemical reactions. Here, we envisioned the application of metal-mediated base pairs 23 (MMBPs) comprised of catalytically relevant transition metal centers and duplex DNA composed exclusively of canonical nucleobases.
Specifically, toehold-stem-loop oligonucleotide hairpins could be designed with MMBPs such that the metal reactivity would be regulated through outer sphere, sense/antisense interactions with small RNA/DNA. Here, strand displacement reactions would dictate the coordination sphere of the reactive metal center and influence substrate binding events (Figure 1) . In this scenario, chemical transformations mediated by transition metal species could then be "controlled" by inherently biological molecules. The successful demonstration of this concept could open the door to genotype-specific transition metal catalysis and the development of new biosynthetic pathways that feature transformations with no biological equivalent. Here we report the initial steps toward achieving this goal. We find that an unprecedented Au(I) MMBP is formed through the treatment of DNA hairpins possessing a C-T mismatch with an appropriate Au(I) precursor. Importantly, the rate at which this organometallic complex mediates an abiotic hydroamination reaction is dramatically increased when exposed to short strands of sequencecomplementary DNA or RNA. This study represents an early example of an organometallic catalyst that can be regulated by biological stimuli.
In our initial formulation, we envisioned the design of structured oligonucleotides that possess a sequence specific, transition metal-binding motif. While several transition metal species are known to complex both DNA and RNA through intrastrand or interstrand binding modes, the catalytic activity of these species has been sparsely investigated. This is likely due to the lack of studies concerning catalytically relevant metals. For example, Cisplatin, the privileged anti-cancer Pt(II) complex, binds intrastrand DNA between G-G and G-A bases 24 .
Barton and coworkers have shown that coordinatively-saturated Ru(II) and Rh(III) complexes intercalate dsDNA at mismatches and abasic sites 25, 26 . Moreover, Ag (I) and Hg(II) ions are well   known to selectively form metal-mediated base pairs between C-C  27 and T-T  28, 29 mismatches, respectively. Here, metal ion intercalation between the canonical bases (C-C and T-T) leads to the formation of base-metal bonds that are energetically similar to hydrogen bonding of matched nucleobases, thus increasing the thermal stability of dsDNA containing mismatches by 2-9 °C The reported Ag-and Hg-mediated base pairs inspired us to consider the construction of a Au-mediated base pair, as Au(I) shares a similar preference for linear coordination geometries.
Additionally, in bioactive Au(I) complexes, interactions between the gold center and DNA have been implicated as modes of action towards disease treatment 32, 33 . Interestingly, the potential for interstrand binding of Au(I) to dsDNA was originally proposed over three decades ago by Blank . In our hands, use of these inorganic salts led to the rapid formation of purple precipitates (presumably Aunanoparticles) when exposed to dsDNA bearing a C-T mismatch and we noted no increase in thermal stability (SI, Figure S3 ).
Results and Discussion
Informed by the homogeneous transition metal catalysis community, we examined different Au(I) precursors 41, 42 . We were gratified to find that thermal stability analysis of a 14-mer dsDNA possessing a C-T mismatch showed a significant increase in thermal stability (T m ) when exposed to one equivalent of (Me 2 S)AuCl (Figure 2a) , with no apparent formation of Aunanoparticles. Moreover, titration experiments indicated the incorporation of a single gold ion into the dsDNA (Figure 2b ). Circular dichroism (CD) experiments support preserved helicity upon exposure to (Me 2 S)AuCl, suggesting the formation of a Au-MMBP with uninterrupted helicity and not the formation of complex secondary structures such as G-quadruplexes, which are known to form in the presence of metal ions 43 (SI, Figure S4 and S5). In addition to photophysical analysis, mass spectrometry studies support incorporation of a single Au(I) ion as the base peak of recorded spectra coincided with the mass of the addition of one gold ion.
Importantly, in control studies utilizing a 14-mer containing no mismatch, there were minimal Au-adducts observed (SI, Figure S7 ).
Experimental and computational studies were carried out to elucidate potential binding modes. The ligation of gold to the mismatch sequence is highly pH dependent, with a thermal stability T m increase of 5 °C at pH 5.5 and 22 °C at pH 8.5, compared to 7 °C at neutral pH Having successfully created a sequence-specific transition metal binding motif through formation of a Au(I)-mediated base pair, we moved forward with investigations of its catalytic properties. We hypothesized that the hairpin containing a C-T mismatch in the stem (4) would bind one equivalent of Au(I) to form latent DNA-Au complex 5 (Figure 3a) . Upon exposure to a short, complementary DNA or RNA sequence, strand displacement would interfere with the Aubase bonds of the stable MMBP, forming an active complex 6. We assessed the catalytic activity of this complex using pro-fluorophore 7, which cyclizes to form fluorescent BODIPY 8 through To further support that observed reactivity was due to the modulation of the Au(I)-mediated base pair in a sequence-specific manner, we carried out further control experiments.
First, we wanted to confirm that a hairpin bearing a Au-mediated base pair could undergo stranddisplacement reactions, analogous to canonical structured oligonucleotides, despite the inclusion of strong Au-base bonds. A FRET probe was designed to probe this key elementary step.
Fluorescein was appended to the 5' end of hairpin 5 and a distal quencher dabcyl was appended In sequence-selectivity experiments, the highest increase in fluorescence is exhibited in the presence of the exact complementary sequence (cCTH5), whereas addition of complements possessing single (1-nt) or double (2-nt) mismatches (TMs/3s/5s and TMd/3d/5d, respectively) result in lower fluorescence intensity, with the 2-nt mismatched sequence TMd resulting in the lowest levels of fluorescence (Figure 4d ). This further supports our hypothesis that complement hybridization is required to form the active catalyst.
Biological systems contain many potential ligands for metal binding, leading to difficulties developing biocompatible complexes and controlling abiotic metal reactivity under physiological conditions. Specifically, Au(I) and Au(III) have been shown to readily form nanoparticles in the presence of small biomolecules, such as short nucleic acids, amino acids, and sugars 49 . To assess the stability and reactivity of complex 5 under biological conditions, we exposed our catalyst system to mixtures of nucleic acids and biologically relevant solutions. We were pleased to find that the addition of a mixture of random sequence R1 and complement cCTH5 to latent catalyst 5, led to a 1.5-fold increase in fluorescence, a significant increase in reactivity when compared to complex 5 alone (Figure 4e ). In addition, complex 6 showed significant catalytic activity under conditions containing urine or saliva solutions, with nearly a 2-fold and 4-fold increase in yield respectively. This result is especially remarkable due to the fact that these solutions contain albumin, an enzyme with a considerable amount of sulfur containing residues 50 , and urea, a small molecule well known to denature DNA 51 . These examples suggest that Au(I) binding to hairpin 4 protects the metal ion from non-productive binding to nucleic acids, proteins, and small biomolecules. These findings suggest that control of the reactivity of species such as latent catalyst 5 can be achieved in biologically relevant environments. In living organisms, it is known that small RNA sequences selectively bind to complementary nucleotide acids and promote nucleotide degradation via the recruitment of active enzymes. These systems in which small RNA sequences modulate gene expression have been utilized as biological tools and therapeutics
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. We envisioned an analogous system in which our DNA-Au complex could be regulated by small RNA sequences, ultimately controlling the chemical reactivity of transition metal DNAzymes. Gratifyingly, the addition of a short complementary RNA strand (RcCTH5) to latent Au-DNA catalyst 5 results in nearly a 600% increase in yield, akin to the DNA-based complement (cCTH5) (Figure 4f ). This increase in fluorescence, likely due the formation of a hybrid DNA-RNA complex, demonstrates that there is potential for the use of this type of system to perform catalytic reactions in response to gene transcription.
Conclusion
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Materials and Methods
Unless stated otherwise, reactions were performed in flame-dried glassware under an atmosphere of nitrogen. Benzene, THF, dichloromethane, and dimethylformamide were degassed and dried in a JC Meyer solvent system. SilicaFlash P60 silicagel (230-400 mesh) was used for flash chromatography. NMR spectra were recorded on a Bruker AV-300 (1H), Bruker AV-400 (1H, 13C), Bruker DRX-500 (1H), and Bruker AV-500 (1H, 13C). 1H NMR spectra are reported relative to CDCl 3 (7.26 ppm). All oligonucleotides were purchased through Integrated DNA Technology with standard desalting unless otherwise specified. Samples for thermal denaturation, mass spectrometry studies, and catalysis were prepared by heating the buffered DNA solution without metal at 90 °C in a heating block for 10 minutes then cooled to room temperature for 30 minutes. Once cool, the metal solution was added. In thermal denaturation experiments, all absorbances were measured at 260 nm using HP-8453 spectrophotometer with HP-89090A Peltier temperature controller from 15-90 °C at 5 °C min -1 with a hold time of 1 min. Relative absorbance, A 260nm =(A t -A 15 °C )/(A 90 °C -A 15 °C ), vs. temperature (°C) curves were fitted using GraphPad Prism 7.0c. Fluorescence experiments were recorded on a Tecan Infinite M1000 Pro plate reader with the following conditions: 480 nm excitation, 510 nm emission, 8 mm excitation and emission bandwidth, 50 flashes with a frequency of 400 Hz, and a 10 ms delay time. Fluorescence data was collected on a JASCO-J715 CD spectrophotometer with a scan rate of 20 nm/min from 200 nm to 300 nm with 3 accumulations. Mass spectrometry data was collected on a Thermo Scientific Q Exactive Plus Hybrid Quadrupole-Orbitrap Mass Spectrometer using negative ionization mode.
Thermal Stability Measurements
General Procedure for Sample Preparation for Thermal Stability Measurements Solutions contained 3.5 µM DNA in buffer containing 0.75 mM sodium phosphate, pH 7, 150 mM NaClO 4 and 0 µM (0 eq) or 3.5 µM (1 eq) of (Me 2 S)AuCl (60:1 H 2 O:MeOH v/v). DNA and buffer were heated at 90 °C for 10 minutes then allowed to cool to room temperature over 45 minutes. After the solution was cooled, (Me 2 S)AuCl (210 µM stock solution in methanol) was added and the resulting solution was incubated at room temperature for 5 min before performing experiments. The reported data is based on 3 trials and graphed on GraphPad Prism 7.0c. Table S1 . Sequences used in thermal denaturation experiments: Figure S1 . Duplex mismatch sequences with and without gold. Melting temperatures calculated from the thermal denaturation profiles of pyrimidinemismatch-containing oligonucleotides in the presence of various concentrations of (Me 2 S)AuCl. Melting temperatures and error calculated using the sigmoidal doseresponse feature in GraphPad Prism 7.0c. DNA and buffer were heated at 90 °C for 10 minutes then allowed to cool to room temperature over 45 minutes. After the solution was cooled, 5 µl of (Me 2 S)AuCl (210 µM stock solution in methanol) was added and the resulting solution was incubated at room temperature for 5 min before performing experiments. The reported data is based on 3 trials and graphed on GraphPad Prism 7.0c. 
DNA-Au(I) Hydroamination Reactions

General Procedure
Samples for catalysis were prepared by heating the buffered DNA solution without metal at 90 °C in a heating block for 10 minutes. After 10 mintues, the solutions were cooled to room temperature over 30 minutes. Once cool, the metal solution was added. Following metal addition, the complement sequence was added and the solution was allowed to equilibrate for 10 minutes before adding it to a solution of BODIPY 7 in ethanol resulting in a final solution containing ( Table S6 . Sequences used in catalysis experiments. Figure S12. Percent yields of product with perfect complement (cCTH5) and various mismatched complements (R, TMd, 5d, 3d, TMs, 3s, 5s) at 250 mM sodium perchlorate.
Fluorescence Data
Figure S13. Percent yields of product with the addition perfect complement (cCTH5) and various mismatched complements (R, TMd, 5d, 3d, TMs, 3s, 5s) at 62.5 mM sodium perchlorate.
Preparation of experiments containing biologically relevant fluids
Solutions contain 10 µM DNA hairpin, 10 µM complement sequence, and 62.5 mM NaClO 4 and 40 µM BODIPY 7 with 10 uM R1, or 30 % solutions of synthetic saliva (Artificial Saliva for Medical and Dental Research purchased through Pickering Laboratories) or synthetic urine (300 mM urea, 60 mM KCl, 128 mM NaCl, 30 mM Na 3 PO 4 , 15 mM creatine, and 1 µM albumin powder). 
Computation
General
All density functional theory (DFT) calculations were performed using Gaussian 09 revision D.01 5 . Geometry optimizations and frequency calculations were performed using the functional B3LYP with the 6-31G(d) basis set for all non-metals and the LANL2DZ effective core potential for Au, Ag, and Hg, in implicit water solvent using the SMD continuum solvation model 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16 . Single-point energy corrections were calculated with the 6-311++G(2df,2pd) basis set for all non-metals and the SDD effective core potential for Au, Ag, and Hg, in water solvation (SMD) 17, 18 . Dispersion corrections using D3(BJ), consisting of the D3 method developed by Grimme along with the Becke−Johnson damping scheme, were applied to all calculations 19, 20, 21, 22 . Gibbs free energies were calculated with vibrational entropy contributions using the GoodVibes python script, in which the vibrational frequencies are corrected by a quasi-harmonic approximation for entropy with a free-rotor description for frequencies below 100 cm -1 , as proposed by Grimme 23, 24 . Normal mode analysis of the harmonic vibrational frequencies confirmed that optimized structures are minima (no imaginary frequency). All 3D rendering of stationary points was generated using CYLview 
Energies
For the following tables, E corresponds to the electronic energy, ZPE to the zero-point energy correction, H to enthalpy, T•S entropy, T•qh-S quasi-harmonic corrected entropy, G(T) uncorrected Gibbs energy, and qh-G(T) to the quasi-harmonic Gibbs energy (calculated using a standard state of 1 atmosphere of pressure and at 298.15K 
